INTRODUCTION {#sec1-1}
============

Microorganisms and their toxic metabolites play a major role in pulp and periradicular pathosis.\[[@ref1]\] The success of endodontic treatment lies on the effective eradication of the bacterial biofilm from the infected root canal system.\[[@ref2]\] *Enterococcus faecalis* is documented to be the most dominant species that persist in endodontically treated teeth.\[[@ref3][@ref4]\] *E. faecalis* is reported to remain viable, proliferate, and establish a biofilm phenotype that is highly resistant to phagocytosis, antibodies, and antimicrobials than nonbiofilm-producing organisms.\[[@ref5]\]

The microbiological goal of endodontic treatment is to reduce the bacterial bioburden in the root canal to levels that are compatible with tissue healing\[[@ref6]\] Irrigants and intracanal medicaments form a necessary adjunct that enhances the antimicrobial effect of mechanical cleansing and thus augments overall clinical efficacy.\[[@ref1]\] Owing to its pronounced antimicrobial activity and its exceptional capacity to dissolve pulp tissue and organic components of the smear layer, sodium hypochlorite (NaOCl) still remains the irrigant of choice.\[[@ref7]\] Ethylenediamine tetraacetic acid (EDTA) is a potent Ca^2+^ chelator and removes the inorganic layer. Previous reports have demonstrated the combined effect of EDTA (10--17%) and NaOCl (2.5--5%) in removing the organic and inorganic debris. A final rinse with hypochlorite has long been recommended to flush out the residual effect of EDTA.\[[@ref8]\] However, a final flush with NaOCl accelerates deeper erosion of the dentinal walls.\[[@ref9]\]

Chitosan is a biopolymer derived by the partial deacetylation of chitin obtained from crustacean shells. The antibacterial property of chitosan is due to the electrostatic interactions between NH^3+^ of chitosan that binds to bacterial cell surface components and alters the cell permeability and hence results in the leakage of intracellular components and cell death.\[[@ref10][@ref11]\] Although previous studies have documented the antimicrobial activity of EDTA-chitosan acetic acid on planktonic cells of *E. faecalis* ATCC29212, their action on dentinal biofilms has not been explored.\[[@ref12]\] Hence, the present study (research hypothesis) was designed to compare the antibacterial efficacy of chitosan and chitosan-EDTA with 5.2% NaOCl against *E. faecalis* biofilm on root canal dentin and to assess the smear layer removing capacity. In addition to the standard strain, *E. faecalis* ATCC29212, a clinical strain of *E. faecalis* (SBEF 2), isolated from a posttreatment root canal infection was included for artificially infecting the tooth samples so as to mimic the actual scenario in a root canal treatment (RCT) failure.

MATERIALS AND METHODS {#sec1-2}
=====================

This study has been reviewed and approved by the Institutional Ethical Committee approval number SBDCECM104/12/18.

Bacterial strains used in the study {#sec2-1}
-----------------------------------

Two strains of *E. faecalis*, a clinical strain (SBEF 2) isolated from a posttreatment root canal infection with the ability to form a biofilm, and a standard strain, ATCC29212, were included in the study.

Isolation and identification of *Enterococcus faecalis* clinical strain (SBEF 2) {#sec2-2}
--------------------------------------------------------------------------------

Sampling was done using sterile paper points, and the sample was transported to the microbiology laboratory in microfuge tubes containing sterile Brain Heart Infusion Broth (Hi-Media Pvt Ltd., India). Primary isolation was done on blood agar plates (supplemented with 5% sheep blood) and MacConkey agar plates were in alpha hemolytic and magenta pink-colored colonies were grown, respectively, followed by biochemical confirmation according to Facklam and Collins 1989.\[[@ref13]\] The biofilm forming ability of the clinical strain was confirmed by tissue culture plate method.\[[@ref14]\]

Test solutions {#sec2-3}
--------------

Chitosan (12 mg/ml in 0.1% acetic acid) (Panvo Organics Limited, India), 17% EDTA (pH 7.3), and three combinations of chitosan-EDTA (1:3, 1:1, 3:1) were tested against *E. faecalis*. 5.2% NaOCl (Vishal Dentocare Pvt Ltd., India) and saline were included as the positive and negative control, respectively. Vancomycin (30 µg) (HiMedia Pvt Ltd., India) was included as the standard as it is the conventional antibiotic used in the treatment of enterococcal infections.

Antimicrobial activity of the test solutions against *Enterococcus faecalis* (planktonic cells) {#sec2-4}
-----------------------------------------------------------------------------------------------

Antimicrobial activity of the test solutions against *E. faecalis* was assessed by agar well diffusion assay. The minimum inhibitory concentration (MIC) was determined by Broth microdilution method. Minimum concentration of the test solution that inhibits \~99% of bacterial growth on the Mueller--Hinton agar (HiMedia Pvt Ltd, India) plate was scored as the minimum biocidal concentration (MBC) of the respective test solution.

Tooth samples used in the study {#sec2-5}
-------------------------------

Seventy freshly extracted intact, noncarious, single-rooted human mandibular premolars with fully formed apices (*n* = 70) were chosen for the study. Forty tooth samples were sectioned and used for the biofilm assay while thirty tooth samples were used to assess the efficacy of chitosan/chitosan-EDTA in smear layer removal.

Preparation of tooth samples {#sec2-6}
----------------------------

Briefly, the tooth specimens (*n* = 40) were sectioned below the cementoenamel junction with a diamond disc to obtain a standard tooth length of 8 mm. A size 10 k-file was used to scout and establish patency till the tip of the file was seen at the apical foramen, from which 1 mm was subtracted to establish the working length. The samples were then instrumented with ProTaper rotary system in a crown-down technique.

Two milliliters of 3% NaOCl was used as the working solution during instrumentation. The apical third of each canal was prepared up to size F3 to allow adequate flushing and penetration of the irrigating solution. After instrumentation, teeth were sectioned vertically along the mid-sagittal plane using a fine grit diamond disc. The concave tooth surface was minimally grounded using diamond disc. The vertically sectioned tooth samples (*n* = 80) in groups of five were sterilized by autoclaving.\[[@ref15]\] Sterility check was performed by incubating the sterilized tooth samples in Mueller--Hinton broth (MHB) for 48 h at 37°C and was observed for turbidity if any.

Biofilm formation {#sec2-7}
-----------------

The vertically sectioned tooth samples were transferred aseptically into the wells of sterile tissue culture plates in two sets of seven groups (*n* = 5) each -- Group I: 17% EDTA (pH 7.3), Group II: chitosan, Group III: chitosan-EDTA (1:3), Group IV: chitosan-EDTA (1:1), Group V: chitosan-EDTA (3:1), Group VI: hypochlorite (5.2%), and Group VII: saline. One set was inoculated with fresh cultures of *E. faecalis* ATCC 29212, and the other was seeded with *E. faecalis* SBEF2 (cell density 1.5 × 10^8^ cells/ml) in MHB. The plates were incubated at 37°C for 6 weeks. Sterile MHB was replaced every alternate day.\[[@ref16]\]

Time-kill assay {#sec2-8}
---------------

The tooth samples were rinsed with saline twice to remove the planktonic cells. The biofilm formed on the root canal dentin was exposed to the respective test solutions (×6 MIC against the planktonic cells) as the MIC of the biofilm phenotype is usually much higher compared to their planktonic counter parts\[[@ref17]\] and control. The viable count was assessed at regular time intervals (0, 15, 30, 45, 60 min) by pour plate method as it is the recommended quantitative culture method to estimate the viable bacterial count. Killing time (KT) values in minutes were recorded.\[[@ref18]\]

Scanning electron microscopy {#sec2-9}
----------------------------

The *E. faecalis* biofilm on the root canal dentin was immersed in the respective test solutions (Groups I--VI) and saline (Group VII) for 24 h at 37°C. After incubation, the tooth samples were fixed in 10% formalin. The gold-sputtered samples were examined under scanning electron microscope (SEM) at 29 KV to detect dentinal surface changes.

Assessment of the efficacy of smear layer removal {#sec2-10}
-------------------------------------------------

Thirty freshly extracted, single-rooted human premolars were randomly divided into three groups of ten each, depending on the final irrigant used -- Group A (chitosan-EDTA \[1:1\]), Group B (17% EDTA \[pH 7.3\]), and Group C (control -- no final irrigant). After instrumentation with 5.2% NaOCl, each canal was rinsed with the respective irrigants for 5 min, followed by 5.2% NaOCl and sterile distilled water.\[[@ref19]\] The teeth were longitudinally bisected into buccal and lingual parts by wedging process after a shallow groove preparation by fine grit diamond disc. One-half of each sample was fixed in 10% formalin for 24 h. The samples were mounted on a copper stub, vacuum dried, and coated with gold (Auto fine coater JEOL JFC-1600). The gold-sputtered samples were examined under SEM at 29KV.

Scoring criteria {#sec2-11}
----------------

Based on the final irrigant used, the specimens were coded -- Group A: chitosan-EDTA (1:1) (A1 through A10), Group B: 17% EDTA (B1 through B10), and Group C: sterile water (C1 through C10). Scoring was performed independently by three endodontists in a blinded manner. Scores (1 -- no smear layer, 2 -- moderate, 3 -- heavy) were attributed based on the presence/absence of smear layer at the coronal, middle, and apical portion of each canal.\[[@ref19]\] Furthermore, the degree of erosion of dentinal tubules was independently scored as Score 1 -- no erosion, Score 2 -- moderate and Score 3 -- severe.\[[@ref19]\]

Statistical analysis {#sec2-12}
--------------------

Statistical analysis was performed using SPSS version 21 (IBM Corp, Armonk, NY). The comparisons of the mean scores of smear layer removal and erosion scores between the groups were analyzed by Kruskal--Wallis test and Mann--Whitney test was used for pairwise comparisons. Interobserver variability of the scores was assessed by Fleiss kappa test.

RESULTS {#sec1-3}
=======

Antibacterial activity of chitosan/chitosan-ethylenediamine tetraacetic acid {#sec2-13}
----------------------------------------------------------------------------

[Table 1](#T1){ref-type="table"} shows the antibacterial efficacy of the test solutions against *E. faecalis*. Agar well diffusion assay revealed that EDTA did not exhibit antibacterial activity while chitosan showed a discrete zone of inhibition against both the strains of *E. faecalis*. Further, when EDTA was combined with chitosan, an incremental gradation was observed in the zone size with increasing concentration of chitosan \[[Table 1](#T1){ref-type="table"}\]. Controls (vancomycin \[30 µg\] and 5.2% NaOCl) showed inhibition zones of the expected size \[[Table 1](#T1){ref-type="table"}\].
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Multiple comparisons by *post hoc* tests showed that the antibacterial activity of chitosan and chitosan-EDTA (3:1) against *E. faecalis* ATCC29212 was equivalent to that of vancomycin (*P* = 0.578, *P* = 1.000, respectively). Although the antibacterial activity of chitosan-EDTA (3:1) against the *E. faecalis* clinical isolate was higher than vancomycin (*P* = 0.007), no statistical difference was observed in the activity of chitosan and chitosan-EDTA (1:1) compared to vancomycin (*P* = 0.798, *P* = 1.000) \[[Table 1](#T1){ref-type="table"}\]. The MIC/MBC values of the test solutions were same for both the *E. faecalis* strains, except chitosan-EDTA (1:1) \[[Table 1](#T1){ref-type="table"}\].

Killing time {#sec2-14}
------------

The KT of chitosan-EDTA combinations (1:1, 3:1) was calculated to be 60 min for both the strains of *E. faecalis*. However, KT of chitosan was 60 min and 24 h for *E. faecalis* ATCC29212 and SBEF2, respectively. Chitosan-EDTA (1:3) demonstrated anti-biofilm activity against *E. faecalis* strains only after overnight incubation. *E. faecalis* ATCC29212 and SBEF2 were significantly rendered nonviable (%survival, 0.02%) after a very short (15 min) exposure to the conventional root canal irrigant, 5.2% NaOCl. Nevertheless, chitosan and all chitosan-EDTA combinations exhibited a 3 log reduction in colony-forming unit of *E. faecalis* ATCC29212 and SBEF2 within 15 min \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\].

![(a) Time-kill curve - *Enterococcus faecalis* - clinical strain. (b) Time-kill curve - *Enterococcus faecalis* ATCC 29212](JCD-19-472-g002){#F1}

Efficacy of smear layer removal {#sec2-15}
-------------------------------

SEM analysis revealed that the surfaces of root canals and the dentinal tubules in the coronal and middle thirds in Groups A and B were free of debris \[[Figure 2](#F2){ref-type="fig"}\]. Comparison of the mean scores Groups A, B, and C showed a statistically significant difference in the amount of debris remaining at coronal (A vs. C, *P* = 0.006, B vs. C, *P* = 0.006) and middle level (A vs. C, *P* = 0.006, B vs. C, *P* = 0.006) while no significant difference was found between Groups A and B at the coronal level (*P* = 0.4602) and middle level (*P* = 0.3783) \[[Table 2](#T2){ref-type="table"}\]. Erosion was noted on the root canal surfaces in the Group B. A significant difference was observed in degree of erosion at the coronal level between Groups A and B (*P* = 0.0268). Chitosan-EDTA (1:1) caused lesser erosion in the middle sections compared to EDTA though the difference was not statistically significant (*P* = 0.2358) \[[Table 3](#T3){ref-type="table"}\].

![Efficacy of smear layer removal. Scanning electron microscope micrographs (×2000) of the tooth treated with Group A (Chitosan-EDTA \[1:1\]): AC - Coronal portion, AM - Middle portion, AA - Apical portion. Group B (17% EDTA): BC - Coronal portion, BM - Middle portion, BA - Apical portion. Group C (Control -- no final irrigant): CC - Coronal portion, CM - Middle portion, CA - Apical portion](JCD-19-472-g003){#F2}
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DISCUSSION {#sec1-4}
==========

Chitosan (12 mg/ml) and chitosan:EDTA (3:1) was active against the planktonic phenotypes of *E. faecalis* (ATCC 29212 and SBEF2). Chitosan:EDTA (3:1) exhibited more pronounced activity against SBEF2 compared to vancomycin. In the present study, the MIC of chitosan was found to be 0.75 mg/ml and 1.5 mg/ml against *E. faecalis* SBEF2 and ATCC29212, respectively. However, a recent report has documented lower MIC (0.75 mg/ml) and MBC (1.2 mg/ml) values against *E. faecalis* ATCC29212.\[[@ref9]\] Our results are in line with the previous reports that document the inefficacy of EDTA to eradicate *E. faecalis*.\[[@ref12][@ref20][@ref21]\] However, EDTA is reported to enhance the activity of certain antibiotics.\[[@ref21][@ref22][@ref23]\]

The resistance of *E. faecalis* biofilm could be attributed to a range of inherent microbiological factors, the anatomical complexity of the root canal system, and the structure of dentin.\[[@ref24][@ref25]\] During the *E. faecalis* -- dentin interaction, sediments with increased levels of calcium carbonate and calcium phosphate are formed in 6 weeks that corresponds to reprecipitation of apatite on the microbial biofilm.\[[@ref17]\] Hence, a potent root canal irrigant should efficiently clear a thick, mineralized biofilm of *E. faecalis* formed on tooth substrate.

Based on the time-kill assay, we found that a short-term exposure (15 min) to chitosan either alone or in combination with EDTA (1:3, 1:1, 3:1) (%survival, 0.2--0.79%) produced a significant reduction in the number of *E. faecalis* (ATCC29212, SBEF2) cells adhering to dentin and was comparable to that of 5.2% NaOCl. A previous study has reported that a KT of 40 min for chitosan acetic acid-EDTA combination to kill the planktonic cells of *E. faecalis*\[[@ref12]\] However, in our study, was found to chitosan-EDTA (1:1, 3:1) to completely eradicate the *E. faecalis* dentinal biofilm in 60 min while hypochlorite exhibited biocidal activity at 30 min. This difference could be attributed to the difference in activity of chitosan-EDTA (1:1) against *E. faecalis* mineralized biofilm.

Our results showed that chitosan-EDTA (1:1) causes significant reduction in the viable count of the biofilm phenotype. Thus, it could be speculated that EDTA potentiates the antibacterial activity of chitosan by facilitating its entry into the bacterial cell. EDTA and chitosan are known to restrain the growth of microorganisms by inhibiting various enzymes\[[@ref11][@ref20]\] Further, binding of chitosan causes potential extraction of lipoteichoic acids that eventually leads to a cascade of events resulting in cell death.\[[@ref11]\]

SEM analysis further confirmed that chitosan and chitosan-EDTA (1:1) could effectively disrupt the bacterial biofilm formed on the tooth substrate. Hence, chitosan-EDTA (1:1) proves to be a potential endodontic irrigant with significant antimicrobial activity against *E. faecalis*. SEM analysis demonstrated that chitosan-EDTA (1:1) was effective in smear layer removal and as well caused lesser erosion in the middle and coronal portions of the tooth samples compared to 17% EDTA. Our results are in line with previous studies, which had reported the ability of chitosan/chitosan nanoparticles to remove the smear layer and to inhibit bacterial recolonization when used as a final irrigant during RCT on dentin.\[[@ref26][@ref27]\]

CONCLUSION {#sec1-5}
==========

Within the limitations of this study, chitosan-EDTA (1:1) is a potential root canal irrigant that performs a dual role -- root canal disinfection and smear layer removal.
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